Atomic configuration and properties of austenitic steels at finite
  temperature: The effect of longitudinal spin fluctuations by Ruban, Andrei V. & Dehghani, Mohammad
ar
X
iv
:1
60
6.
05
09
6v
1 
 [c
on
d-
ma
t.m
trl
-sc
i] 
 16
 Ju
n 2
01
6
Atomic configuration and properties of austenitic steels at finite temperature: The
effect of longitudinal spin fluctuations
A. V. Ruban
Department of Materials Science and Engineering,
KTH Royal Institute of Technology, SE-100 44 Stockholm, Sweden and
Materials Center Leoben Forschung GmbH, A-8700 Leoben, Austria
M. Dehghani
Materials Center Leoben Forschung GmbH, A-8700 Leoben, Austria
(Dated: June 17, 2016)
High temperature atomic configurations of fcc Fe-Cr-Ni alloys with alloy composition close to
austenitic steel are studied in statistical thermodynamic simulations with effective interactions ob-
tained in ab initio calculations. The latter are done taking longitudinal spin fluctuations (LSF) into
consideration within a quasiclassical phenomenological model. It is demonstrated that magnetic
state affects greatly the alloy properties and in particular, it is shown that the LSF substantially
modify the bonding and interatomic interactions of fcc Fe-Cr-Ni alloys even at ambient conditions.
The calculated atomic short-range order (SRO) is in reasonable agreement with existing experimen-
tal data for Fe0.56Cr0.21Ni0.23, which has strong preference for the (001) type ordering between Ni
and Cr atoms. A similar ordering tendency is found for the Fe0.75Cr0.17Ni0.08 alloy composition,
which approximately corresponds to the widely used 304 and 316 austenitic steel grades.
I. INTRODUCTION
Austenitic steels based on Fe-Cr-Ni system are in ex-
tensive use in different domestic and industrial applica-
tions due to their excellent corrosion resistant and me-
chanical properties. They usually consist of more than
three elements added on a purpose or accidently, how-
ever, Cr and Ni are the usual alloying elements: Cr pro-
vides the corrosion resistance, and its content is usually
in between 15–25 at. %, while Ni stabilizes the fcc struc-
ture, and its content is as a rule within 5-15 at.% (can be
up to 35 at.% in some special grades). Although these al-
loys have been for decades under development and inves-
tigation, accurate description of their finite temperature
properties at the atomic and electronic structure levels is
still a challenging task.
One of the main obstacles in getting accurate ab initio
picture of fcc Fe-Cr-Ni alloys is their non-trivial mag-
netism. The magnetic phase diagram of Fe80−xNixCr20
(10 ≤ x ≤ 30) alloys have been determined in Ref. 1. At
low temperatures, one can find antiferromagnetic, spin-
glass, ferromagnetic and a mixture of ferromagnetic and
spin glass states for a certain range of compositions. In
particular, the antiferromagnetic state is the low temper-
ature magnetic state with the Neel temperature of about
20-40 K if concentration of Ni is within 5-15 at. %. This
means that in practice austenitic steels are in paramag-
netic state at ambient conditions.
The problem is that this paramagnetic state is a highly
non-trivial phenomenon, which is extremely difficult to
model accurately on the first-principles level since a static
disordered local moment model breaks down due to dis-
appearance of the local magnetic moments on Cr and
Ni atoms in the density functional theory (DFT) cal-
culations. At the same time, their magnitude deviates
substantially from zero due to longitudinal spin fluctua-
tions on short time scales, producing a significant effect
upon all the properties of steels. In principle, such mag-
netic excitations can be accounted for using advanced ab
initio methods like, for instance, dynamical mean-field
theory.2 However, their applications to steels, which are
multicomponent random alloys, is too cumbersome.
In this paper, we therefore use a simplified formalism
for the LSF developed in Ref. 3 and 4. It is a classical
high temperature limit of the spin-fluctuation theory5,6
where the contribution due to thermally induced spin
fluctuations are considered within a phenomenological
model based on a classical magnetic Hamiltonian. Al-
though it breaks down at low temperatures where quan-
tum effects are important, it provides a reasonable ac-
count of the LSF at elevated temperatures.4
Using this model of the LSF, we consider properties
of Fe-Cr-Ni alloys and, in particular, atomic ordering at
elevated temperatures. The experimental information on
the atomic short range order (SRO) in austenitic steels
is scarce. A quite detailed investigation of the atomic
SRO in fcc Fe56Cr21Ni23 was done by Cenedese et al.
7
by thermal neutron diffuse scattering from single crystals.
The atomic SRO has been also measured in alloys with
similar compositions, Fe82−xCr18Nix (x = 15, 20, and
25 wt.%) by Braude et al. using x-ray diffuse scattering
technique.8 However, some results of this investigation
are contradictory as is discussed below.
Recently, the phase stability of ternary fcc and bcc Fe-
Cr-Ni alloys has been investigated in Ref. 9 using a com-
bination of DFT, cluster expansion (CE), and magnetic
cluster expansion (MCE) techniques. These authors have
found good agreement of different calculated properties
with experimental data, including results for the atomic
SRO in Fe56Cr21Ni23 alloy as stated by the authors. At
the same time, the results presented in Table VII of Ref.
9 show some obvious problems for the calculated atomic
2SRO in this alloy. Namely, the calculated atomic SRO is
too strong compared with the experimental data,7 espe-
cially taking into consideration the fact that calculations
are for 1300 K, while in the experiment, the samples were
annealed first for 1 hour at 1273 K and then for 10 hours
at 773 K. Of course, it might well be that 10 hours is
not enough to fully equilibrate this alloy at 773 K, never-
theless a substantial rearrangement can be expected on
a local scale of at least several interatomic distances. In
fact, the authors of Ref. 9 find ordering transition at 1550
K for Fe50Cr25Ni25. At this temperature the diffusion is
very fast, and had such a high-temperature transition re-
ally existed, it or the corresponding ordered phase would
be definitely seen or detected in different kind of experi-
ments.
This means that there is a problem with the existing
theoretical description of the atomic SRO in austenitic
steels. To solve it is one of the aims of the present inves-
tigation. Another aim is to demonstrate the role of the
LSF in austentic steels at finite temperatures. For that
purpose, we consider here two alloy: Fe75Cr17Ni08 alloy,
whose composition is close to the widely used 304 and
316 steel grades, and Fe56Cr21Ni23, whose atomic SRO
has been obtained experimentally7 and just recently cal-
culated using ab initio theory.9 We also outline a tech-
nique for calculating chemical and magnetic exchange in-
teractions within the exact muffin-tin orbital (EMTO)
method.10,11
II. FIRST-PRINCIPLES METHODOLOGY
Electronic structure calculations of random fcc Fe-
Cr-Ni alloys have been done using the coherent poten-
tial approximation (CPA)12 and locally self-consistent
Green’s function (LSGF) technique,13 which accurately
accounts for the local environment effects in random
alloys. Both these techniques have been used within
the EMTO method10,11 referenced here as EMTO-
CPA14 and ELSGF15, respectively. The EMTO-CPA
calculations have been done by the Lyngby version
of the Green’s function EMTO code,16 where the
screened Coulomb interactions in the single-site DFT-
CPA approximation17 and screened generalized pertur-
bation method (SGPM)18–20 are implemented (See Ap-
pendix A).
In particular, the contributions of the screened
Coulomb interactions in the DFT-CPA to the one-
electron potential of alloy components, V iscr, and to the
total energy, Escr, are:
17
V iscr = −e
2α0i
q¯i
S
Escr =
∑
i
ciE
i
scr; E
i
scr = −e
2 1
2
α0i βscr
q¯2i
S
. (1)
where q¯i and α
0
i are the net charge of the atomic sphere
of the ith alloy component in the single-site CPA calcu-
lations and its on-site screening constant, which are dif-
ferent for different alloy components in multicomponent
alloys, S the Wigner-Seitz radius, βscr the average on-site
screening constants, which accounts for the electrostatic
multipole moment energy contribution due to inhomo-
geneous local environment of different sites in random
alloy.
The self-consistent electronic structure calculations
have been done within the local density approxima-
tion using Perdew and Wang functional,21 while the to-
tal energy have been calculated using the full charged
density technique11 in the PBE generalized gradient
approximation.22 In the Brillouin zone integration, a
32×32×32 Monkhorst-Pack grid have been used.23 All
the calculations have been done with lmax = 3 for partial
waves and the electronic core states were recalculated at
every iteration during the self-consistent calculations for
valence electrons.
The on-site and inter-site screening constants needed in
the EMTO-CPA and SGPM calculations were obtained
for Fe75Cr17Ni08 and Fe50Cr25Ni25 random alloys in a
864-atom supercell (6×6×6 translations of the fcc 4-atom
cubic unit cell) ELSGF calculations. After the configu-
rational optimization, the first six Warren-Cowley SRO
parameters of the supercells were less than 0.002 (in ab-
solute value) and next 2, for the 7th and 8th coordination
shells, less than 0.015 for all three pairs of the alloy com-
ponents. The calculations were done in the disordered
local moment state24,25 as is implemented in the ELSGF
code15 with the LSF at 800 K (see the next section). The
local interaction zone (LIZ) has contained the first two
coordination shells of the central site (of the LIZ).
The on-site screening constants have been determined
as
α0i =
S〈V Madi 〉
e2〈qi〉
, (2)
where 〈qi〉 and 〈V
Mad
i 〉 are the conditional average of the
net charges, qi, and the Madelung potentials, V
Mad
i of
the i-th component in the supercell. The calculated on-
site screening constants, α0i , vary very little with alloy
composition, lattice constant, and temperature due to
thermal electronic and magnetic excitations due to the
LSF. They are approximately equal to 0.725, 0.777, and
0.823 for Fe, Cr, and Ni, respectively, while βscr is about
1.14. These values of the screening constants have been
used in all the DFT-CPA calculations.
The intersite screening constants, αijp , needed in the
calculations of the electrostatic contribution, V ij−scrp to
the SGPM potential at the pth coordination shell for the
i-j pair of alloy components:
V ij−scrp = e
2αijp
q¯2ij
S
, (3)
where q¯ij = q¯i−q¯j . Screening constants α
ij
p have been ob-
tained in the supercell ELSGF calculations random alloy
3from the screening charge by exchanging the correspond-
ing alloy components (i and j in some specific sites having
random local environment on average) as is described in
Ref. 17.
III. LONGITUDINAL SPIN FLUCTUATIONS IN
Fe-Cr-Ni ALLOYS
The description of the paramagnetic state in fcc al-
loys in DFT calculations at ambient conditions requires
an additional modeling, which takes into consideration
thermally induced longitudinal spin fluctuations.3,4,26–29
Here, we follow the formalism developed in Refs. 3 and 4.
The main idea is to consider the LSF as an entropic effect
within a static one-electron consideration. In this case,
the magnitude of the local magnetic moment induced by
the entropy can be obtained, to a first approximation,
from the longitudinal spin fluctuation energy in the cor-
responding statistical thermodynamic simulations.
The longitudinal spin fluctuation energy is the energy
of embedding an impurity having a given magnetic mo-
ment mi into the DLM effective medium with a certain
choice of the average local magnetic moments of alloy
components.3 Since, the average local magnetic moment
at a given temperature is not known in advance, the sta-
tistical simulations have to be done in a self-consistent
way.
Obviously, this is an extremely time consuming scheme
in the case of multicomponent alloys. However, it can be
greatly simplified by using an approximate expression for
the entropy of longitudinal spin fluctuations:4
Slsfi = 3 lnmi, (4)
which is valid in the classical high-temperature limit for
the quadratic form of the LSF energy. Although the later
is approximately true only for Ni and Cr, while for Fe
there is a non zero local magnetic moment for equilib-
rium lattice constants of austenitic steels, we have used
this expression for Fe too in order to keep continuous
description of the magnetic energy for small lattice con-
stants.
In Fig. 1, the longitudinal spin fluctuation energy for
Fe, Cr, and Ni in Fe75Cr17Ni08 in the DLM effective
medium due to the LSF is shown. In these calculations,
the local magnetic moment of one of the components have
been changed while all the other were kept fixed to the
following magnitudes: 1.69 µB for Fe, 0.82 µB for Cr, and
0.38 µB for Ni, which approximately corresponds to their
local magnetic moments at 300 K obtained using Eq. (4)
in the self-consistent calculations. One can see, that the
LSF energy curves for Ni and Cr resemble parabola. In
the case of Fe, the LSF energy has minimum at ≈ 1.4
µB. Thus, at least a fourth order polynomial is needed
to get a qualitative behavior of the LSF energy in the
latter case.
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FIG. 1. (Color online) Longitudinal spin fluctuation energies
of alloy components in Fe75Cr17Ni08 in the DLM state ob-
tained for the Fe, Cr, and Ni local magnetic moments 1.69,
0.82, and 0.38 µB, respectively.
However, this approximate scheme works reasonably
well even for the LSF induced magnetic moment of Fe.
In Fig. 2, the local magnetic moments of Ni, Cr, and Fe
are shown as function of temperature, which have been
obtained in the single-site mean-field approximation from
the LSF energies, ELSFi , presented in Fig. 1 as:
mi = 1/Zi
∫
ELSFi (m)m
3dm, (5)
where Zi is the partial statistical sum for alloy component
i:
Zi =
∫
ELSFi (m)m
2dm, (6)
It can be substantially simplified without losing much
accuracy (which is not on the demand in semiquantita-
tive modeling) by just calculating the energy of the DLM
state with varying magnitude of the local magnetic mo-
ment of one of the alloy components while keeping m of
the others fixed to the one which corresponds to the cho-
sen temperature. For instance, using (4) one finds that
the local magnetic moments in Fe75Cr17Ni08 at 300 K are
1.69, 0.82, and 0.38 µB for Fe, Cr, and Ni, respectively,
while they are 1.52, 0.77, and 0.35 µB if (6) is used with
the corresponding spin-fluctuation energies. As one can
see, even for Fe, Eq. (4) produces quite reasonable results
only slightly overestimating local magnetic moment. Let
us note that without LSF the local magnetic moment of
Fe is about 1.4 µB while Cr and Ni becomes non-spin
polarised.
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FIG. 2. (Color online) Local magnetic moments of alloy com-
ponents in in Fe0.75Cr0.17Ni0.08 due to LSF obtained from the
LSF energies presented in Fig. 1 as a function of temperature.
IV. LATTICE PARAMETER AND ELASTIC
CONSTANTS OF Fe75Cr17Ni08 AT AMBIENT
CONDITIONS
The importance of the LSF in austenitic steels even
at room temperature can be seen in the first-principles
calculations of the lattice constant and bulk modulus of
Fe75Cr17Ni08 alloy. In Fig. 3, we show the total energies
(up to an arbitrary constant) of random Fe75Cr17Ni08 al-
loy obtained in the EMTO-CPA calculations in the DLM
paramagnetic state with and without LSF. In the DLM
calculations, the magnetic entropy of Fe has been ac-
counted for using the entropy of the ideal paramagnetic
gas (SIPmag = ln(mFe + 1)). The one-electron thermal
excitations have been included using Fermi-Dirac distri-
bution function.30
If LSF are not included, the free energy curve exhibits
quite irregular behaviour around Wigner-Seitz (WS) ra-
dius of 2.6 a.u. (or lattice constant about 3.52 A˚), which
can be traced down to the abrupt change of the mag-
nitude of magnetic moment of Fe, which is clearly seen
in Fig. 4. The equilibrium WS sphere radii (without
phonon contribution) is 2.618 a.u. and bulk modulus is
about 210 gPa, which is too large compared to the room
temperature bulk modulus of austenitic steels with simi-
lar composition, which is usually in the range of 140-170
GPa.31
The inclusion of the LSF, apart from smoothing the to-
tal energy curve, leads to the increase of the equilibrium
WS radius to 2.623 a.u. or lattice constant of 3.55 A˚ and
to a substantial decrease of the bulk modulus: 161 GPa.
In the Debye-Gru¨neisen model, the room temperature
lattice constant then comes out to be 3.57 A˚ and bulk
modulus 155 GPa, which are in reasonable agreement
with experimental data.31 The calculated room temper-
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FIG. 3. (Color online) The electronic and magnetic free ener-
gies of Fe75Cr17Ni08 at 300 K obtained in the DLM calcula-
tions with and without LSF. The free energies are shifted to
some arbitrary constant.
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FIG. 4. (Color online) Local magnetic moments of Fe, Cr,
and Ni in Fe75Cr17Ni08 in the DLM calculations with and
without LSF.
ature shear elastic constants, c′ and c44: 35 and 138 GPa,
respectively, are also in good agreement with the existing
experimental data: 38 and 121 GPa.31
V. EFFECTIVE INTERACTIONS
Finite temperature atomic configuration of
Fe75Cr17Ni08 and Fe56Cr21Ni23 has been obtained
in Monte Carlo simulations using the following configu-
rational Hamiltonian:
5H =
1
2
∑
p
∑
α,β 6=δ
V (2)−αβ[δ]p
∑
ij∈p
δcαi δc
β
j + (7)
1
3
∑
t
∑
α,β,γ 6=δ
V
(3)−αβγ[δ]
t
∑
i,j,k
δcαi δc
β
j δc
γ
k + h.o.t..
Here, the summation is performed over alloy different
type of clusters (p and t stands for indexes of the pairs
and triangles), alloy components (designated by Greek
letters) and lattice sites (i, j, and k); V
(2)−αβ[δ]
p and
V
(3)−αβγ[δ]
t are the pair- and three-site effective inter-
actions, which have been determined using the SGPM
implemented in the Lyngby version of the EMTO-CPA
code (see Appendix for details), and δcαi = c
α
i − c
α is
the concentration fluctuation of the α component from
its average concentration in alloy, cα at site i.
The contribution from pair interactions in (7) can be
reduced to a quasibinary form:
H(2) = −
1
2
∑
p
∑
α6=β
V˜ (2)−αβp
∑
ij∈p
δcαi δc
β
j , (8)
where V˜
(2)−αβ
p are the usual binary effective interactions
describing the mutual ordering of α and β atoms and
connected with the multipcomponent effective pair in-
teractions, V
(2)−αβ[δ]
p as32,33
V (2)−αβ[δ]p =
1
2
[
V˜ (2)−αδp + V˜
(2)−βδ
p − V˜
(2)−αβ
p
]
. (9)
The advantage of such a quasibinary representation
is its direct connection to the Hamiltonians and interac-
tions of the binary systems of the components composing
the multicomponent one. Unfortunately, the contribu-
tion from multisite interactions cannot be reduced to a
similar quasibinary form due to the presence of additional
indexes of alloy components.
In first-principles calculations, the interactions enter-
ing Eqs. (7) and (8) have been obtained using a DLM
six component model of the three-component alloys: two
components with the opposite orientation of magnetic
moment for each alloy component. The chemical inter-
actions have been obtained in the magnetic-moment av-
eraged form for each alloy component in the DLM-CPA
calculations. The corresponding expressions for the inter-
actions in the EMTO-CPAmethod are given in Appendix
A.
The effective interactions of the above Hamiltonian are
not only concentration dependent, but they also depend
on the temperature due to the temperature dependence
of the equilibrium volume of the alloy, its magnetic state,
and the local magnetic moments of its components in the
DLM-LSF state. As is demonstrated below such a tem-
perature dependence should be taking into consideration
in atomistic modeling at high temperatures.
In Fig. 5, the quasibinary effective pair interactions,
V˜
(2)−αβ
p , in Fe75Cr17Ni08 and Fe56Cr21Ni23 of Hamilto-
nian (8) are shown. They have been obtained for the
high temperature ( 800–1000K) lattice constant of 3.615
A˚. Two sets of interactions have been obtained in the
DLM-LSF state at 800 K, while one set of interactions,
for Fe56Cr21Ni23 alloy was calculated in the DLM calcu-
lations without LSF. In this case, there is no magnetic
moment on Ni and Cr atoms. As one can see, the LSF
produce quite substantial effect in the case of Fe-Ni and
Fe-Cr effective interactions, although it is not that pro-
nounced in the case of Ni-Cr interactions. At the same
time, the concentration dependence seems to be quite
moderate, within the range of the accuracy of the SGPM
calculations.
The dependence of the effective interactions on the lat-
tice constant is in fact quite strong (not shown in the
figure). For instance, the nearest-neighbor effective in-
teractions obtained in the DLM state for the theoretical
0 K lattice constant, 3.55 A˚, are 5.89, -0.62, and 10.05
mRy for Fe-Cr, Fe-Ni and Fe-Cr pairs, respectively, which
are quite different from those for the high temperature
lattice constant of 3.615 A˚: 3.96, 0.30, and 8.24 mRy. Ob-
viously, the external and internal parameters cannot be
disregarded in finding theoretical atomic configuration of
austenitic steels at finite temperatures.
Effective interactions presented in Fig. 5 look qualita-
tively similar for all the pairs: the strongest interaction
of the ordering type at the first coordination shell follow-
ing the next strongest interaction with the opposite sign
at the second coordination shell. However, as we will see
below, there cannot be mutual ordering of all the pairs
due to the fact that the pairs with the strongest ordering
energies, specifically NiCr at the first coordination shell,
will be ordering first.
Let us note that the strong ordering interaction of Ni
and Cr atoms at the first coordination shell is almost
entirely due to the screened Coulomb interaction, which
is of an order of 8–9 mRy, while the one-electron con-
tribution is only about 0.2–0.5 mRy. In the case of
Fe-Ni and Fe-Cr pairs, the nearest neighbor screened
Coulomb interaction is relatively small, about 1 and 2
mRy, respectively. This is an expected result, since the
screened Coulomb interactions are proportional to the
charge transfer between the corresponding alloy compo-
nents, which is in its turn determined mostly by their
mutual size difference. The latter is obviously the largest
for Ni and Cr, while it is relatively small for Fe-Cr and
Fe-Ni pairs.
The size difference of alloy components leads to the
appearance of local lattice relaxations, which can be ac-
counted for in the configurational Hamiltonian by the
so-called strain-induced interactions. Unfortunately, it
is impossible to calculate accurately these interactions
in ternary Fe-Cr-Ni alloys, especially at high tempera-
tures in the paramagnetic state with LSF. Therefore in
this work, we use a simple qualitative model. First of
all, we disregard the strain induced interactions for Fe-
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FIG. 5. (Color online) Quasibinary effective pair interactions
in Fe75Cr17Ni08 (open circles) and Fe56Cr21Ni23 (filled di-
amonds) obtained at 800 K in the DLM-LSF calculations.
Small filled circles show the results for Fe56Cr21Ni23 without
LSF (which means DLM calculations for Fe and non-spin-
polorized for Cr and Ni).
Ni and Fe-Cr pairs, which should be small anyway. As
for the Ni-Cr strain-induced interactions, we take them
from Ref. 34 where they have been obtained for Ni-Cr
binary alloys. Although this is a quite rough approxima-
tion, it is used here to test a qualitative effect of such
interactions onto the ordering in austenitic steels.
Multisite interactions are relatively small in these al-
loys. The strongest 3-site interaction is of the 114-type
(for the nomenclature of the multisite interactions see
Ref. 34), i.e. for the cluster of the three nearest-
neighbors on the line in the closed packed [110] direction
(there are 8 such interactions in general for a given 3-site
cluster, which correspond to different combinations of al-
loy indexes). It is especially strong for the CrCrCr[Ni]
configuration: 3.11 and 2.86 mRy in Fe75Cr17Ni08 and
Fe56Cr21Ni23, respectively. This specific interaction cor-
responds actually to the same type of interaction in Ni-
Cr binary alloy where it is in fact also the strongest 3-
site interaction,34 although the value of the interaction
is quite reduced in ternary Fe-Cr-Ni alloys compared to
that in binary Ni-Cr alloys.
The strongest 4-site interactions are for the tetrahe-
dron of the nearest neighbors and for the four near-
est neighbor sites along the closed packed [110] direc-
tion, which are also the strongest interactions in the Ni-
Cr system.34 In ternary alloys, however, the quisibinary
Fe-Ni 4-site interactions (FeFeFeFe[Ni]) are comparable
with the corresponding quasibinary Ni-Cr interactions
(CrCrCrCr[Ni]), while the interactions with mixed al-
loy component indexes are almost an order of magnitude
smaller.35
In order to check how the SGPM works, for this par-
ticular system, the ordering energy of the Fe2NiCr-L12m
ordered structure in the DLM state (without LSF) have
been calculated for the lattice constant of 3.615 A˚ from
the EMTO total energies and from SGPM interactions
for Fe50Ni25Cr25 random alloy. In the direct calculations
the ordering energy is −1 mRy/atom, while it is about
−2 mRy/atom from the pair, 3-site and 4-site SGPM in-
teractions. The agreement is reasonable, considering the
smallness of the ordering energy, and the fact that mag-
netic moment in the ordered state, 1.0 µB, is different
from that in the random alloy, 1.6 µB. Such a small
ordering energy ( 160 K) also means that this structure
can hardly be formed at 650 K as predicted in Ref. 9.
One of the reasons why the ordering strength is greatly
exaggerated in Ref. 9 is the fact that its authors are using
concentration independent cluster expansion for 0 K en-
thalpies of formation obtained in the ferromagnetic state
(with ferromagnetic alignment of Fe and Ni magnetic
moments and antiferromagnetic one of Cr and Fe(Ni))
in the high temperature Monte Carlo simulations. To
show the effect of the magnetic state upon the effective
interactions, we compare in Fig. 6 the effective pair in-
teractions for random Fe56Cr21Ni23 alloy obtained in the
DLM-LSF state at 800 K and in the ferromagnetic (FM)
state (again, the magnetic moment of Cr is antiferromag-
netically aligned with those of Fe and Ni).
Although the Ni-Cr effective pair interactions are ap-
proximately the same in both states, it is obviously not
the case of the Fe-Cr and Fe-Ni effective pair interac-
tions: the strongest nearest neighbor interaction for both
pairs is more than twice as large in the FM state as in
the DLM-LSF state. Such a strong dependence of the
effective interactions on the magnetic state means that
the corresponding modeling of austenitic steels at finite
temperatures should be done in the relevant to this tem-
perature magnetic state.
Let us note that the effect of the magnetic state upon
chemical interactions in fcc Fe-Ni alloys have been al-
ready studied in Ref. 36 and 37. In particular, as has
been demonstrated in Ref. 36, the DLM state leads to a
significant drop of the strongest nearest neighbor interac-
tion in Invar Fe65Ni35 alloy, which makes, in the end, the
ordering of this alloy impossible at temperatures relevant
to its preparation. It is interesting that the interactions
obtained in Ref. 36 for the Invar binary alloy are very
close to those for Fe56Cr21Ni23 shown in Fig. 6.
It has been also demonstrated37 that there is a sub-
stantial reduction of the effective chemical interactions
even in the finite temperature FM state due to a reduce
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FIG. 6. (Color online) Effective pair interactions in
Fe56Cr21Ni23 obtained in the DLM-LSF state at 800 K and
in the ferromagnetic (FM) state.
magnetization, which is very similar to the case of bcc
Fe-Cr alloys.38 It is obvious that such a coupling between
magnetic state and effective interactions should be prop-
erly taken into consideration in the corresponding ther-
modynamic modeling at high temperatures.
VI. ATOMIC ORDERING IN AUSTENITIC
STEELS
Monte Carlo calculations of atomic alloy configuration
in Fe75Cr17Ni08 and Fe56Cr21Ni23 alloys have been done
using a simulation box containing 12×12×12(× 4) sites.
In both cases, the first 21 effective pair interactions have
been used with the contribution from the Ni-Cr strain-
induced interactions taken from Ref. 34. We have also
used the four strongest 3-site interactions of the 111, 112,
113 and 114-type (see Ref. 34 for the nomenclature), and
two 4-site interactions, for the tetrahedron of the nearest
neighbors and the nearest neighbor sites along the closed
packed [110] direction.
The calculated atomic SRO parameters at 800 K are
presented in Table I together with the experimental data
from Ref. 7. Although the agreement is only qualita-
tive, one should take into consideration the fact that the
strain-induced interactions are considered only quite ap-
proximately in this work. Besides, the experimental val-
ues seem to be quite sensitive to the model used in the
analysis of the diffuse scattering intensities.
Nevertheless, the picture of atomic ordering is quite
clear and consistent: the strongest ordering is between
Ni and Cr nearest and next nearest neighbors. The cal-
culated type of ordering is (100), which is the same as in
the experiment, but it is different from the (1 120) type in
the ordered Ni2Cr phase. However, as has been shown
in Ref. 34, the effective cluster interactions and ordering
are sensitive to the alloy composition in fcc Ni-Cr alloys,
and the (100)-type ordering is consistent with the results
for equiatomic Ni-Cr alloys.
The next in the strength of ordering are the pairs of Fe
and Cr atoms at the first coordination shell. Although
the type of ordering in theoretical calculations, (100) is
not consistent with the experimental one, (1 120), one can
again notice that the type of ordering in the experiment
depends on the fitting model.7 We have also neglected the
Fe-Cr strain-induced interactions, which may produce a
certain effect.
And finally, Fe and Ni atoms repel each other at the
first coordination shell exhibiting there a kind of ”phase
separation” behavior, although the corresponding effec-
tive pair interaction is of an ordering type. As has been
already mentioned, the Fe-Ni effective pair interactions
in binary Invar alloy, Fe65Ni35,
36 are very close to those
obtained in this work for austenite and shown in Fig. 5,
where the slight ordering tendency is observed. The dif-
ference between the atomic ordering of Fe and Ni atoms
in Invar alloy and ternary Fe56Cr21Ni23 alloy is thus en-
tirely due to compositional restrictions in the latter case,
which do not allow atoms of all the types to establish
their best local environment.
TABLE I. Warren-Cowley short-range-order parame-
ters, ααβlmn, determined in Monte Carlo simulations for
Fe56Cr21Ni23 Ni at 800 K. The experimental parameters are
taken from Ref. 7.
αFeCrlmn α
FeNi
lmn α
NiCr
lmn
lmn Exp. Calc. Exp. Calc. Exp. Calc.
110 −0.009 −0.029 0.017 0.032 −0.113 −0.235
200 0.043 0.032 −0.002 −0.012 0.148 0.261
211 0.029 0.003 −0.002 0.013 0.012 −0.023
220 −0.017 0.021 0.001 −0.013 0.007 0.060
310 −0.024 −0.007 0.003 0.004 −0.003 −0.033
222 −0.033 0.006 0.003 −0.004 0.012 0.021
321 0.005 −0.004 0.002 −0.001 −0.004 −0.003
400 −0.029 0.008 −0.002 −0.001 0.026 0.019
It should be noted that the experimental data for the
SRO parameters in Fe82−xCr18Nix (x = 15, 20, and 25
wt.%) alloys obtained by Braude et al.8 for temperatures
1400 K, seem to be quite strange. For instance, the
Warren-Cowley SRO parameter for Ni-Cr pairs is about
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FIG. 7. (Color online) Warren-Cowley short-range order
parameters in Fe75Cr17Ni08 (open circles) and Fe56Cr21Ni23
(filled diamonds) at 800 K obtained in Monte Carlo simula-
tions.
−0.3 for the first (110) and second (200) coordination
shells, while it is about 0.15 for the fourth (220) coordi-
nation shell. It is hard to imagine that kind of ordering
behavior and it also contradicts experimental data by
Cenedese et al..7 The only common point is the fact that
the ordering tendency between pairs of alloy components
decreases in the order: Ni-Cr, Fe-Cr, and Fe-Ni.
The closeness of effective interactions and compositions
for Fe56Cr21Ni23 and Fe75Cr17Ni08 alloys means that the
atomic SRO should be also very similar. In Fig. 7, we
show the atomic SRO in these alloys at 800 K. One can
see that this is indeed the case: there is quite strong
ordering of Ni-Cr atoms. In both cases the values of
the SRO parameters are quite large (in absolute value),
which means that these alloys should not be that far from
an order-disorder phase transition.
Indeed, upon decreasing temperature the phase tran-
sition into the (Fe,Ni)3Cr-L12-like structure is observed
at about 520 K for the Fe56Cr21Ni23 alloy composition
and at 480 K for the Fe75Cr17Ni08 alloy composition,
although most probably these transition temperatures
are overestimated since the theoretical atomic SRO is
stronger than experimental one. The ordered structure
is shown in Fig. 8 for the case of Fe56Cr21Ni23 alloy (a
similar structure is observed in the Monte Carlo simula-
FIG. 8. (Color online) Atomic structure of Fe56Cr21Ni23 at
400 K obtained in Monte Carlo simulations. Type of atoms
are colorcoded in the following way: Cr is yellow, Fe is red,
and Ni is grayblue.
tions for Fe75Cr17Ni08).
As one can see, Cr atoms occupy a simple cubic po-
sitions of the fcc lattice, while Ni and Fe atoms occupy
the remaining (face-centred) positions forming a peculiar
mutual ordering. If the temperature in Monte Carlo sim-
ulations is lowed further, there will another phase tran-
sition at about 170 K leading to a mixture of two or-
dered phases: Fe3Ni3Cr2 and some not so clear ordering
paten of the remaining Fe and Cr atoms. However, this
last transition is hardly relevant to the reality, where low
temperature magnetic state can change substantially the
interactions, and the atomic diffusion is absent on the
usual practical human time scale.
VII. SUMMARY
An accurate ab initio-based description of the finite-
temperature properties of austenitic stainless steels re-
quire taking the thermally induced LSF into considera-
tion. In this work, the simplest model has been used,
which is based on a classical consideration of the spin-
fluctuation energy, which is a rough statical single-site
mean-field approximation. It is demonstrated, however,
that it allows one to bring such properties as bulk mod-
ulus in close agreement with experimental data.
The simulations of atomic configuration of austenitic
steels done for two compositions, Fe56Cr21Ni23 and
Fe75Cr17Ni08, show that there is substantial degree of
the atomic SRO at high temperatures. These results are
in reasonable agreement with the existing experimental
data.7 The theoretical calculations by Wrobel et al.9 pre-
dict much stronger ordering tendency due to the use of
9the low-temperature magnetic ground state in the cluster
expansion. In this paper, we show that Fe-Cr and Fe-Ni
effective pair interactions at the first coordination shell
are approximately twice as large as those in the DLM(-
LSF) state.
In order to establish a truly quantitative picture of the
atomic ordering and the properties of austenitic steels at
finite temperature, further investigation is needed into
the finite temperature magnetism of these alloys and its
use in the atomistic scale modeling of their structural and
vibrational properties.
Appendix A: SGPM interactions in the EMTO-CPA
method
The one-electron contribution to the GPM interactions
within the EMTO-CPA Green’s function formalism can
be obtained from the one-electron energy, which in this
case is (for details of the EMTO-CPA parameters see11)
Eone−el =
1
2pii
∮
z〈G(z)〉dz, (A1)
where 〈G(z)〉 is the CPA average Green’s function of alloy
(for Brave lattice to simplify notations):
〈G(z)〉 =
∫
BZ
dk
∑
LL′
g˜L′;L(k, z)S˙L;L′(k, z) + s.s.c. (A2)
Here, only multisite term is explicitly shown, while single-
site contribution (s.s.c) is omitted since it does not con-
tribute to the intersite chemical and magnetic interac-
tions. Summations are running over sublattices (ij), in-
dexes of angular momentum (L,L′) and integration is
done over k-points of the Brillouin zone. S˙LL′(k, z) is the
energy derivative of the slope matrix, SLL′(k, z), which
depend on energy, z, and k-point, and g˜LL′(k, z) is the
k-point resolved CPA path operator:
g˜LL′(k, z) =
1
SLL′(k, z)− D˜L(z)
, (A3)
where D˜L(z) is the coherent potential function of the
EMTO method obtained self-consistently from the fol-
lowing CPA set of equations:
g˜LL′(z) =
∫
dkg˜LL′(k, z) ≡ g˜ (A4)
gα = g˜ + g˜
[
Dα − D˜
]
gα (A5)
g˜ =
∑
α
cαgα (A6)
In the last two equations, we have omitted angular mo-
mentum index and energy dependence of g˜ and D.
The chemical and magnetic exchange interactions then
can be found using the force theorem39 either for chem-
ical fluctuations at some particular site (relative to the
CPA effective medium)18,20,40–43 or by introducing small
displacement of the direction of the spin relative to un-
perturbed spin orientation at this site44–46 and then find-
ing the change of the one-electron energy (A1) by expand-
ing the multisite part of the Green’s function in (A2).
The resulting expressions are similar to those in the
KKR or KKR-ASA methods.20 For instance, the GPM
quasibinary effective pair interactions in a multicompo-
nent alloy are
V˜ (2)−αβ−1p = −
1
pi
ℑ
∫ EF
Tr
[
∆tαβ g˜ij∆t
αβ g˜ji
]
dE,
(A7)
where ∆tαβ = tα − tβ, and tα has the meaning of the
single-site scattering t-matrixes, which in the EMTO
method are
tα =
[
1 + g˜(D˜ −Dα)
]−1
(D˜ −Dα), (A8)
which actually satisfy the CPA equation:
∑
α
cαtα = 0. (A9)
Another quantity entering (A7) is the CPA scattering
path operator between i and j sites, which belong to the
coordination shell p:
g˜ji(z) =
∫
BZ
g˜(k, z)eik(Ri−Rj)dk, (A10)
where angular momentum indexes are omitted.
In general, the interaction of order n of Hamiltonian
(7) is defined as
V
(n)−αβ...γ[δ]
f = −
1
pi
ℑ
∫ EF
Tr
[
tαg˜ijt
β g˜jk . . . g˜lkt
γ
]
dE,
(A11)
where i, j, . . ., and k are the sites of the cluster f . As a
matter of fact, this is only one specific contribution to this
interaction, and in order to get the total interaction for
n > 3, one should sum over all possible paths connecting
sites of the cluster.
This formalism can be easily generalized to the case
of paramagnetic alloys described by the DLM, or al-
loys with partial non-zero magnetization within partial
DLM (PDLM) approach. In this case, the expressions
for the effective interactions remain the same, but tα
entering the corresponding formulas are modified. In
particular, if alloy component A is in the PDLM state
with magnetization m < 1, it is presented as an alloy
with spin-up and spin-down orientation, A↑xA
↓
1−x, where
10
m = 2x − 1 (assuming that x ≥ 0.5, and x = 0.5 cor-
responds to the DLM paramagnetic state). It can be
shown that corresponding magnetic averaging (like it is
done, for instance, in Ref. 20 and 47) results in this case
in tA = xtA
↑
+ (1 − x)tA
↓
for every spin component.
Finally, in order to get the screened pair effective in-
teraction at the coordination shell p, one should add the
corresponding screening contribution, V scr−αβp , as it is
defined in (3), so that
V˜ (2)−αβp = V˜
(2)−αβ−1
p + V
scr−αβ
p . (A12)
Appendix B: Magnetic exchange interactions in the
EMTO-CPA method
Magnetic exchange interactions, Jp of Heisenberg
Hamiltonian
HH = −
∑
p
∑
ij∈p
Jpeiej, (B1)
where ei is the spin variable at site i, can be derived
using the so-called magnetic force theorem45,46 and has
the following form for elementary solid closely resembling
Eq. (A7):
Jp = −
1
pi
ℑ
∫ EF
Tr
[
∆g↑ij∆g
↓
ji
]
dE, (B2)
where ∆ = D↑ − D↓, and g
↑(↓)
ij are the intersite path
operator for spin-up (and spin-down) states as they de-
termined in (A10).
In the case of a random alloy, magnetic exchange in-
teractions between α and β alloy components, Jαβp , is
determined as46
Jαβp = −
1
pi
ℑ
∫ EF
Tr
[
∆αg¯αβ↑ij ∆
β g¯βα↓ji
]
dE, (B3)
where ∆α = Dα↑ −Dα↓ and
g¯αβij =
[
1 + g˜(D˜ −Dα)
]−1
g˜ij
[
1 + (D˜ −Dβ)g˜
]−1
.
(B4)
Here, it is assumed that alloy is homogeneous and thus
there is no site-dependence of the potential parameters
(although the generalization to inhomogeneous alloys is
straightforward).
The DLM state is a special one since magnetic ex-
change interactions in the DLM state are equal to the cor-
responding GPM interactions 8Jp = −V˜
(2)
p ,46,48 which
can be proved analytically. On the other hand, it fol-
lows from the comparison of the Ising and Heisenberg
Hamiltonians and the fact that the last one is reduced to
the Ising one for collinear magnetic configurations. This
also means that GPM provides an easy way to calculated
higher order magnetic interactions.20,48
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